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Nudeaiiiop.. and, Groirth of 
Hagnetic Metal Oxide Kanoparticleg and i/fcs TJse 

rTTSTiT) OF THE 1NVKNT1QN 

The present invention relates to a method for the 
preparation of magnetic r.anoparticles by producing nuclei 
made of polymers which are metal chelating agents , and 
growing magnetic metal oxide coating thereon, to hollow 
magnetic nanoparticles obtained therefrom and to various 
uses thereof. 

BACKGROUND OF THE ±mw£M 1 xj.CCR 

Magnetic nanoparticles have a wide range of potential 
applications, due to their relatively high surface .area 
and magnetic properties. Typical examples of such 
applications are magnetic storage, magnetic sealing, X- 
ray enhancement, the manufacture of transformers, 
inductors, audio and video heads and a variety of 
biomedical applications (contrast reagents for MRI, cell 
labeling, cell separation, diagnostics, drug delivery, 
hyperthermia, oligonucleotide and peptide synthesis,, 
detoxification of undesired molecules, immobilized 
enzymes, chromatography, etc) - 

In recent years, extensive efforts have been carried out 
to synthesize nanoparticles having magnetic properties. 
The preparation of these particles is quite complex, 
because it is important to obtain a substantially 
homogeneous population of particles of narrow size 
distribution, and to ensure conditions reducing to -he 
minimal extent agglomeration processes in the solution, 
to name just two of the factors involved in xne 
production of magnetic nanoparticles. In general, the 
methods disclosed by the art are divided into three 
principal categories . 
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The first method is based on the ' microencapsulation ^of 
the magnetic material within an appropriate matrix. = or 
example, Margel et el. r J- Immunol. Methods 28, 341 
(1979) describe the heterogeneous polymerization of 
appropriate monomers in the presence of ferrofluid 
particles and appropriate surfactants. This procedure 
usually results in the formation of magnetic particles 
comoosed of ferrofluidic particles embedded in the 
pol'ymer nanoparticles and coated with the surfactant to 
prevent agglomeration . 

The second method is based on the direct precipitation of 
the magnetic oxide by contacting ferrous and ferric 
salts, followed by various surface treatments, as 
disclosed, for example, in WO 88/06632. These procedures 
typically result in low yields of stable particles of 
narrow size distribution. 

The third method is based on the formation of a magnetic 
coating, i.e., it involves the formation of magnetite or 
ferrite coating on the surface of preformed particles. M. 
Abe, Proceedings of The Sixth International Conference^. 
F errite (ICF-6), Tokyo and Kyoto, Japan 1992, p. 472-477, 
S. Magahata et al, Proceedings of The Sixth International 
Conference on Ferrite (ICF-6), Tokyo and Kyoto, Japan 
1992, P 279-282 and M. Abe and T. Itoh, Thin Solid Films 
216, 155 (1992), disclose processes for preparing 
magnetic nanoparticles ox sizes ranging from 
approximately .0-3um up to a few microns, via magnetic 
thin coatings of Fe 3 0 4 or (Fe,M) 3 0 4 [M = Fe, Co, Ni, 
etc.] onto preformed polyacrylate nanoparticles 
containing hydroxyl surface groups, i.e., nanoparticles 
the sizes of which are about 0.3 um or higher, are 
separately prepared and then subjected to a coating 
process. 
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Another method known in the art based on the formation of 
a magnetic coating on a preformed particle was disclosed 
by Marge! e*t al . , in WO 96/11054. According to this 
publication, monodispersed magnetic nanoparticles of 
sizes ranging from ca. 0.3 urn up to a few microns are 
prepared via magnetic thin coatings of ferrix-e or 
magnetite on preformed monodispersed micron-sized 
polystyrene particles (or similar hydrophobic particles , 
e.g. polychloromethylstyrene) - According to this process, 
magnetic nanoparticles are formed by polymerization of 
ferrous and ferric salts on preformed micron-sized 
polystyrene particles coated by hydrophilic surfactants 
such as polyvinylpyrrolidone. This process, which 
produces iron oxide { Te$0t) Islands coating on the 
surfactant-polystyrene particles, is limited to 
polystyrene particles coated with hydrophilic surfactants 
and of sizes ranging from ca. 0.3 pm up to a few microns - 

US 5,062,991 discloses a method for the preparation of 
ferrire nanoparticles in the presence of gelatin [type 3) 
aqueous solution, metal salt/s such as FeCi 2 , NaN0 3 as an 
oxidizing reagent and sodium hydroxide as an alkaline 
agent- According to US 5 r 062, 991, gelatin is used for 
both nucleation and protection of the formed particles 
againsi agglomeration, i.e., gelatin is intended to form 
part of the coating. Because of this dual function of 
gelatin, as a support vehicle for nucleation and as 
stabilizer surfactant, a relatively high concentration 
thereof is applied. Furthermore, US 5,062,991 is 
specifically for gelatin type B (60 bloom) or alkali- 
cured. According to US 5,062,991, no other type of 
gelatin, e.g., type A, or polymer, e.g., dextran and 
polyvinylpyrrolidone, has been successfully used for 
preparing the magnetic particles- The process according 
to US 5,062,991 is alleged -o yield particles of sizes 
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ranging from 0.1pm up to lum, but this patent rails to 
exemplify the preparation of particles of diameters less 
than 0.2um in satisfactory yield and in satisfactory size 
<±± stribution . 

It is therefore clear that zhe art has failed to provide 
a completely satisfactory method for the production of 
magnetic nanoparticles of narrow size distribution, in 
particular magnetic nanoparticles having a size lower 
than 0.3pm and in particular lower than 0 . lum, in good 
yields. Also, the methods according to the present state 
of the art do not enable the utilization of a variety of 
substrate materials on which the magnetic coating may be 
formed, and furthermore, the ' concentration of the 
substrate materials applied according to the art... is 
relatively high. These critical features, namely , the 
size distributions obtainable according to the present 
state of the art and the materials and range of 
concentration thereof which can be employed for preparing 
che particles to be coated, limit significantly the scope 
of applications of the magnetic particles. The importance 
of homogeneous size distribution of the produced magnetic 
nanoparticles is derived f zrom the fact that heterogeneous 
colloidal particles are difficult to define and 
characterize. Heterogeneous colloidal particles may also 
obscure the detection of small atypical populations, 
being present either at the time of manufacture or 
developing with storage. Atypical subpopulations of 
colloidal particles are considered to be potential 
sources of toxicity for injection into humans- Therefore , 
the ability to assure the absence of such subpopuiaticns 
improves the quality of colloid that can be produced [see 
S. Palmacci, I*. Joseph son and Groman, wO 95/05669 

(1995)]. The ability to obtain magnetic nanoparticles the 
size of which is lower than 0-lpm is also crucial, since 
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there are several applications in which these oartic2.es 
are specifically suitable- For example, for MRI 
applications, magnetic particles of sizes below 
approximately 0.1pm are preferred [see S. Palmacci at 
al- WO 95/05669], Another example demonstrating the 
advantage of magnetic particles snaller then 
approximately O.lutm ± s in the field of specific cell 
separation [see S. Miitenyi et al. Cytometry 11, 231 
(1990)7 S. Miitenyi, W0 90/07380 (1990)]. As to the use 
°^ relatively high concentrations of substrate materials 
on which the growth of the magnetic metal oxide is to be 
effected, because according to the present state of the 
art these materials are also intended to function as 
surfactant stabilizers for the nanoparticies, one skilled 
in the art will appreciate that this may result in 
various difficulties while attempting to wash-out the 
excess of polymeric substrates present .after the 
formation of the final magnetic nanoparticles. 

It is therefore an object of the present invention to 
overcome all the above-mentioned drawbacks. In 
particular, it is an object of the present invention to 
provide a method for preparing magnetic nanoparticles of 
sizes less than 0 . 3 urn, in excellent yield, the size 
distribution of which being essentially uniform. 

It is another object of the present invention to provide 
a method which is economically advantageous and 
technically superior, since it allows the application of 
a broad variety of polymeric substrates for the formation 
of the nuclei on which" the magnetic coating is to be 
grown, the concentrations of the substrates applied mav 
be relatively low, thereby eliminating difficulties 
arising from the presence of excess of polymeric 
materials in the solution. 
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SUMMARY OF THS INVENTION 

It has now been found by the inventors rhet magnetic 
nanoparticles can be produced directly by creeling 
appropriate nuclei for growing the magnetic meral oxide 
thereon, and subsequently, effecting said growth of -he 
magnetic metal oxide in a simple manner . 

According to the present invention, the method for 
preparing the nanoparticles coated with magnetic metal 
oxide comprises the following steps: 

a) Contacting an aqueous solution containing a soluble 
15 polymeric metal chelating agent with one or more soluble 
IS metal salts providing metal ions, wherein at least one of 
03 said metal ions is capable of forming an oxide which is 

magnetic, said metal ions being in amounts which do net 
f:j exceed substantially the binding capacity of said 

& l chelating agent; 

b) Causing said metal ions to be oresent in the oxidation 
1/1 states required for the formation of the oxide which is 

1* magnetic; 

si* 

c) Maintaining the pH of the solution at the range of at 
8J least 7; 

d) Introducing into the solution additional amounts of 
said metal salts; 

e) Causing said additional metal ions to be present in 
the oxidation states required for the formation of the 
oxide which is magnetic; 

f ) Maintaining the pH of the solution at the range of at 
least 7; 

g) Successively repeating the operations of step d) to f ) 
as many times as required to obtain monodispersed 
nanoparticles coated with magnetic metal oxide. 
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3y the term "nanoparticle" is roe ant a particle the size 
of which is less than 0.3 

By the term "polymeric metal chelating agent" chelation 
of metal ions is intended- The polymeric metal chelating 
agents used for the formation of the nuclei on which the 
growth of magnetic metal oxide is to be effected, are 
polymers having functional croups capable of binding 
metal ions, such as amino, hydroxyl, carboxylate, -SK, 
ether, immine, phosphate and sulfide groups . 

The preferred magnetic metal oxides according to -he 
present invention are magnetite and ferrits. The 
formation of the preferred magnetic metal oxide according 
to the present invention requires the presence of iron in 
two different oxidation states, Fe" 2 and Fe" 3 . 3oth 
oxidation states are caused to be present in the solution 
either by introducing a mixture of ferrous and ferric 
salts according to steps a) and d) , or by introducing 
ferrous salts or ferric salrs, and converting a portion 
of the Fe +2 or Fe" 3 to the other oxidation state, 
preferably by oxidation or optionally reduction, 
respectively. The molar ratio between Fe* 2 to Fe" 3 ions 
provided in either way is preferably caused to be net 
higher than the ratio between Fe"* 2 to "e^ 3 ions in the 
composition of the desired magnetic oxide. According to a 
preferred embodiment of the present invention, in steps 
a) and d) , ferrous salts are introduced into the 
solution, and the oxidation of a portion thereof to 
obtain Fe +3 ions is performed by introducing an oxidizer 
into the solution. 

According to another embodiment of the present invention, 
other metal salts capable of forming, together with the 
iron ions, magnetic metal oxides, are provided in steps 
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a) and d) . These optional metals are typically selected 
from among transition metals. 

The interaction between the various metal icns to fern 
the magnetic metal oxide requires that the pH of the 
solution be at least 7. The pH is maintained within the 
desired range either by using an appropriate buffer 
solution as the aqueous solution according to step a) , or 
by introducing a base into the solution in steps c) and 
f ) . It is preferred that once a specific pH value within 
said range of 7 or above is selected, it is maintained 
throughout the entire preparation of the magnetic 
nanoparticles, to ensure substantially uniform size 
distribution of the final products. 

It should be understood that . the introduction of the 
various components into the solution according to steps 
d) to g) may be carried out in two different modes of 
operations : 

A mode of operation by increments, hereinafter referred 
to as a portionwise mode of operation,, in which each 
component (metal salts, oxidizer and base) is provided ir. 
several, preferably equal, doses, which are added 
successively • to the solution according to the order 
defined in steps d) to g) , which steps are repealed as 
many times as required until the desired nanoparticles 
coated with the magnetic metal oxide are obtained, the 
quantity of each dose being such that polymerization of 
the metal ions in the solution, i.e., not on the 
particles- surface, is substantially avoided; and 
a continuous mode of operation, in which each component 
(metal salts, oxidizer and base) is continuously added to 
the solution according to the order defined in steps d) 
to g) , at an essentially uniform flow rate characteristic 
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to each component, to avoid polymerization of the metal 
ions outside of the particles' surface. 

The quantity of each dose according to the first node of 
operation, and the flow rate according to the second mode 
of operation, are determined and adjusted by -he 
experiment, as the undesired polymerization of the me— al 
ions in the solutions, which signifies that steps d) to 
g) must be carried out: applying smaller doses or lower 
flow rates, is sometimes visible to the eye, or can be 
identified by using conventional methods - For example, en 
optical method based on a coulter counter, which provides 
an indication that the solution has became polydispersed, 
may be applied. Alternatively, analytical methods such as 
atomic absorption may be used, to determine the build-up 
of significant concentration of free metal ions in the 
solution. 

In such operating modes, the various components are 
assumed to be fed into the solution at a rate lower than, 
or similar to, the rate in which the magnetic metal oxide 
is formed on the surface of the nuclei, thereby avoiding 
the build-up of significant concentrations of said 
components in the solution, which may result in undesired 
side reactions (polymerization of metal salts outside the 
boundaries of the growing particles and agglomeration 
processes) . However, regardless of the exact explanation, 
the fact is that operating in the above described modes 
yields stable, monodispersed nanoparticles coated - with 
magnetic metal oxide of narrow size distribution. 

The number of repetitions of steps d) to g) varies 
according to which mode of operation is selected and the 
desired size of the final nanoparticles, which is 
followed by the above described optical methods. 
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BRIBF DESCRXPTXON OF THE PHRfrXNttS 
In the drawings: 

Fig. 1. A scheme demonstrating the nncleation and growth 
of magnetite on a single nucleus - 

Fig. 2. Titration curves of gelatin by Fe+ 2 ions: (A) 
without the presence of an oxidizing reagent; (B) ir. the 
presence of NaNQ 3 as an oxidizing reagent; (C) ir the 
presence of NaNOs as an oxidizing reagent. 

Fig. 3. Particle-size histograms of magnetite particles 
formed via a stepwise (A) and a single dose addition (3) 
of FeCl 2 -4HaO (0.21 snnol) , NaN0 2 (0.04 mnol) and NaOH (pK 
9.5) into 0.1% (w/v) gelatin aqueous solution. 

Fig. 4- A SEM photomicrograph of the magnetite 
nanoparticles formed by portionwise addition of the 
polymerization reagents into the gelatin solution 

(0.1%). 

Fig. 5. Particle-size histograms of magnetite particles 
formed via a stepwise (A) and a single dose addition O) 
of FeCl 2 .4K 2 0 (0.21 mmol) „ NiN0 2 (0-04 mmol) and NaOE CpH 
9.5) into 0-3% (w/v) gelatin aqueous solution. 

Fig- 6- A * SEM photomicrograph of the nagnetire 
nanoparticles formed by the single dose addition of ihs 
polymerization reagents FeCl 2 .4H 2 0 (0.02 nmol) f M*N0 3 
(0-004 mmol) and NaOK (pK 9-5) into 0.3% (w/v) gelatin 
aqueous solution. 

Fig 7. A SEM photomicrograph demonstrating the growth of 
the magnetite nanoparticles by portionwise additions of 
the polymerization reagents FeCl 2 -4H 2 0 (0.02 mmol), NaKO a 
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(0.004 mmol) and NaOH (pH 9.5) into 0.3* (w/v) gelatin 
aqueous solution 

DE!SAXIiED DESCRIPTION OF PREFERRED EMBODIMENTS 

According to the present invention, the method for 
preparing the nanoparticles coated with magnetic metal 
oxide comprises the following steps : 

a) Contacting an aqueous solution containing a so liable 
polymeric metal chelating agent with one or more soluble 
metal salts providing metal ions, wherein at least one of 
said metal ions is capable of forming an oxide which is 
magnetic, said metal ions being in amounts wbich do nor 
exceed substantially the binding capacity of said 
chelating agent; 

b) Causing said metal ions to be present in the oxidation 
states required for the formation of the oxide which is 
magnetic; 

c) Maintaining the pH of the solution at the range of at 
least 7; 

d) Introducing into the solution additional amounts of 
said metal salts; 

e) Causing said additional metal ions to be present in 
the oxidation states required for the formation of the 
oxide which is magnetic; 

f ) Maintaining the pH of the solution at the range of at 
least 7; 

g) Successively repeating the operations of step d) to f? 
as many times as required to obtain mono dispersed 
nanoparticles coated with magnetic metal oxide. 

Without being bound to any theory, it is believed that 
via steps a) to c) nuclei are formed on which the growth 
of the magnetic metal oxide can be subsequently effected 
via steps d) to g) * This mechanism is schematically given 
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in Figure 1, wherein, for the sake of simplicity, only a 
single polymeric metal chelating chain is illustrated. 

One aspect of the present invention therefore relates to 
a method for the preparation of nanop articles coatee with 
magnetic metal oxide, the size of which being less than 
0 - 3pm, preferably less than O.lum. The magnetic 
nanoparticles are composed of nuclei cenprising polymeric 
metal chelating agents on which a magnetic metal oxide is 
grown- One skilled in the art will appreciate that the 
weight % ratio between the nuclei and the magnetic 
coating can be controlled: the smaller the particles, the 
higher the percentage of the nuclei. For example, 
particles above about 0.2pm are composed mainly -rem 
magnetic metal oxide coating and the weight % of the 
nuclei is relatively negligible. On the other hand, in 
particles of approximately 60-70 nm, the weight % of the 
nuclei may range between 5-20% - 

The polymeric metal chelating agents used for the 
formation of the nuclei on which the growth of magnetic 
metal oxide is to be effected, are polymers having 
functional groups capable of binding metal ions, the 
preferred groups being amino, hydroxy!, carboxylase, -SE, 
ether, immine, phosphate and sulfide groups. The 
polymeric chelating agents are most preferably selected 
from among the group consisting of gelatin, 
polymethylenimine, dextran, chitosar., polylysine and 
polyvinylpyrrolidone. The concentration of the polymeric 
metal chelating agent in the aqueous solution may vary 
between 0.01 and 10, preferably between 0.1 to 1 w/v. 

Preferred magnetic metal oxides which constitute the 
magnetic coating according to the present invention are 
magnetite (Fe 3 0«) and ferrite (Fe/M^O*, wherein M is 
defined hereinafter- The formation of the preferred 
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magnetic metal oxide according to the present invention 
requires the -presence of iron in two different oxidation 
states, "e"*" 2 and Fe" 1 "". Both oxidation stares are caused 10 
be present in the solution either by introducing a 
mixture of ferrous and ferric salts according to steps a) 
and d) , in a molar ratio which is preferably not higher 
than the ratio between Fe^ 2 to Fe* 3 in the composition of 
the desixed magnetic oxide, cr by introducing ferrous 
salts or ferric salts , and converting a portion of the 
Fe* 1 " 2 or Fe* 3 to the other oxidation state, by oxidation or 
reduction, respectively, the nagnitude of the portion 
which is oxidized or reduced being such that the 
resulting molar .ratio between Fe" 2 to Fe"*" 3 is not higher 
than their ratio in the composition of the desired 
magnetic oxide. 

According to one preferred embodiment of the present 
invention, the magnetic metal oxide which constitute the 
magnetic coating is magnetite, in the composition of 
which the ratio between Fe" 2 to Fe* 2 is Jen own no be 1:2. 

According to another preferred embodiment of the present. 
invention, the magnetic metal oxide which, constitute the 
magnetic coating is ferrite. The metal salts provided in 
steps a) and d) may comprise, in addition to ferrous 
or/ and ferric salts, optionally other metal salts capable, 
of forming, together with said iron ions, the magnetic 
metal oxides, if ferrite coating is intended- These 
optional metals, designated by K, are typically selected 
from among transition metals, the most preferred being 
salts of Zn* 2 , Co 4 " 2 , Mn* 2 or Ni" 2 , the nolar ratio Fe~ 2 /M* n , 
wherein M** indicates the cation of the metal M, being 
determined according to the stiochiometzric composition of 
selected ferrite. The metal salts may be provided in a 
solid form or in the form of liquid solutions, preferred 
being chlorides, bromides or sulfate salts. 
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The amount of the metal ion or ion* introduced into the 
aqueous solution according to step a] of the present 
invention is determined by the binding capacity of the 
polymeric metal chelating agent, present in -he solution, 
with respect to said ions. By the term "binding capacity 
or the polymeric chelating agent" is meant the maximal 
amount of a certain ion which may attach to a given 
amount of said polymeric metal chelating agent. This 
parameter is of significant importance, as it has been 
found by the inventors that the concentration of the 
metal salt/s used in step a) should be similar, or not 
too much above the binding capacity of the chelating 
polymer towards said metal * ions, ensuring that 
substantially all the nuclei are formed before a 
significant growth of the magnetic costing starts, in 
order to obtain a high yield < almost 100%) of a single 
population of uniform monodispersed magnetic 

nanoparticles. The binding capacity of a given polymeric 
metal chelating agent may be predetermined by methods 
known in the art. One such method is described in Example 
1 and illustrated in Figure 2. 

The formation of the preferred magnetic metal oxide 
according to the present invention requires the presence 
of iron in two different oxidation states, ?e anc ^e 
Xn a pT^±erx&d embodiment of the present invention, the 
metal salts provided in step a) comprise ferrous salts. 
In order to convert a portion of the te ions .-o = e 
according to step b) , an oxidation reaction is carried 
out, preferably by introducing an oxidizer into the 
solution, whereby a portion of Fe" 2 is oxidized to re *, 
said portion being such that the resulting ratio between 
r e 42 to re* 3 is not higher than the their ratio in the 
composition of the desired magnetic oxide. When the 
desired magnetic oxide is magnetite, in which the ratio 
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between Fe* 2 to Fe +3 is 1:2, it is preferred that not more 
than 2/3 of the amount of Fe +2 introduced into the 
solution in steps a) or d) , and preferably less, undergo 
the oxidation reaction, the resulting molar ratio between 
Fe* 2 to Fe +3 thus being not higher than 1:2. The oxidizer 
is preferably selected from among the group consisting of 
oxygen, H2Q2, nitrite salts or nitrate salts. The 
preferred oxidizing reagents according to the present 
invention are nitrite and nitrate salts, in particular 
alkaline metal nitxite or nitrate salts. It has been 
surprisingly found by the inventors that the desired 
molar ratio nitrite (or nitarte) / Fe +2 is preferably not 
higher than 2/3, and preferably less than 1/2, the 
preferred ratio being about 1/5, to ensure the desired 
narrow size distribution of the magnetic nanoparticles . 
The oxidizing reagents may be provided in a solid form or 
in the form of a liquid solution, optionally in the form 
of a basic buffer solution. 

Xf a buffer solution is not used as the aqueous solution 
containing the polymeric metal chelating agent according 
to step a) or, optionally, as the oxidizer solution 
according to step b) , bases should be added to the 
solution according to steps c) and t ) , to maintain in the 
solution a pH value of at least 7. Preferably, the pH of 
the solution ranges between 7 to 11, pH between 8 to 10 
being most preferred. It is preferred that once a pK 
value within said range of 7 or above is selected, it is 
maintained throughout the entire preparation of the 
magnetic nanoparticles, to ensure substantially uniform 
size distribution of the final products. In another 
preferred embodiment of the present invention, a first pK 
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value is maintained through step c) , and a second pE 
value is maintained through step f) , which values are 
within said range of at leas: 7, the second pH value 
being preferably higher. Bases which can he utilized 
according to the preseni invention may be selected from 
among the group consisting of alkali hydroxides, anrccrria 
or organic bases, preferably ar-lr.es. 

As explained hereinbefore, steps d) to g) according to 
the present invention are carried out in a controlled 
manner, to ensure that particles of narrow sixe 
distribution are formed and side reactions (e.g. 
polymerization of metal salts in the aqueous solution and 
agglomeration processes) are avoided, by applying a -ode 
of operations by increments or a continuous mode of 
operation, as explained hereinbefore. 

It should be noted that if steps d) to g) are not carried 
in a controlled manner as explained above, this pay- 
result in a substantial portion of agglomerated particles 
and/or the formation of a population of particles of 
broad size distribution. 

The method for preparing nanopar tides coated with 
magnetic metal oxide according to the present invention 
is carried out at the temperature range below 100°C, 
wherein temperatures between 50°C to 90°C are generally 
preferred. A temperature around 60°C is typically employed 

Another aspect of the present invention relates to the 
preparation of hollow magnetic nanopar t icles . According 
to this aspect, these hollow magnetic nanoparticles are 
obtained by removing therefrom the inner nuclei made of 
the polymeric metal chelating agent, by burning it off in 
inert atmosphere. According to a preferred embodiment, 
the burning off is performed by subjecting the magnetic 
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nanoparticles to tempera-cures in the range 400 to 1000°C, 
preferably between 500 to 900°C. 

Another aspect of the present invention relates to a 
method for preparing nanoparticles coated with maghenite, 
characterized in that the nanoparticles coated with 
magnetite, obtained according to the px&s&zit, invention/ 
are contacted with a solution of ferric nitrate under 
elevated temperature, preferably a temperature around 
100°C. 

Another aspect of the present invention relates uo a 
nanoparticle the size of which is less than C . 3pm, 
preferably less than O.lum, consisting of a polymer which 
is metal chelating agent, coated with a magnetic metal 
oxide. Another aspect of the present invention relates to 
a hollow nanoparticle consisting of a magnetic metal 
oxide shell the size of which is less than 0 -3uzn r 
preferably less than 0 . lun. 

Another aspect of the present invention relates to the 
use of the magnetic nanoparticles according to the 
present invention in a variety of biological and medical 
applications , 

According to a preferred embodiment of the present 
invention, the biological and medical applications are 
selected from among the group consisting cell labeling, 
cell separation, controlled release, diagnostics, enzyme 
immobilization, protein purification, contrast agents for 
MRI and sono- imaging, drug delivery and chelation of 
heavy metal ions. 

In a preferred embodiment of the present invention, 
molecules containing functional groups are attached to 
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the magnetic surface of the magnetic nanoparticles of the 
present invention, to produce desired functional coating 
thereon. Preferably, said molecules comprise polymers 
selected from among polysaccharides, proteins, peptides, 
uolyamines and w-silane Si (OR) 3 (CH2) aX, wherein R is an 
alWl substituent and X is a functional group selected 
f.om among NU 2 , CH 3 , CK, and SB. to«»S the functional 
grouos provided by said molecules, the amine group, 0= 
other functional groups which can be converted to an 
amine grout,, are of particular importance, because 
covalent binding of polyaldehyde ligands onto tnese 
groups may be further applied. In another preferred 
embodiment of the present invention, activating ligands, 
oreferably selected from among the group consisting 0= 
acryloyl chloride, di vinyl sulfone, dicarbonyl 

ethylene 

insnidazole, 

glycolbis (sulf osuccinioidyl succinate) a a <* 1:1 

maleimidobenzoic acid N-hydroxysuif osuccinimide ester, 
„M C h activating ligands render the surface of tne 
nanooarticles suitable for the further coupling 0= 
bioactive compounds, are attached to the functional , 
groups provided on the surface of the magne.xc ^ 
nanooartieles. Preferably, the bioactive materials are 
selected from among proteins, enzymes, antibodies and 
drugs, according to the desired biological or biomedical 
application - 

As explained above, for some applications, e.g. specific 
cell seoaration, drug delivery, reactions in organic 
solvents, etc., it is essential to modify the surface ot 
the magnetic nanoparticles in order to stabilize tne 
particles against the agglomeration process or to 
introduce desired surface functional groups. The 
modification of the surface is accomplished by methods 
known in the art, which are preferably carried out in 
aqueous solutions. Modification of the magnetic particles 
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with o-alxylsilane compounds such as Si {OR) 3 (CH a ) n x, x = 
CH 3 , NH 2 , SH, etc., were performed ir. aqueous solutions 
according to a process similar to that describee" by P. 
Wikstrom et al., J. of Chromatography «55, 105 {1988}" and 
by 5. Brandriss et al.. Lancacir 9, 1232 (1993;. For 
example, particles bonded with oo-aiJcylailane compounds 
containing terminal amine groups are easily suspended in 
polar solvents, while particles bonded with o-aikylsiiane 
compounds containing terminal methyl groups are easily 
suspended in non-pol^ solvents. Coating of the surface 
of the magnetic nanoparticles with polysaccharides such 
as dextran, and derivatized of dextran, e.g. dextran 
biotin, was usually performed by mixing the ferrite 
suspension in aqueous solution of the polysaccharides at 
high temperature {e.g. 8CTC) for an appropriate period of 
time and then cooling it to room temperature. Cellulose- 
coated nanoparticles were formed by mixing at room 
temperature the ferrite suspension in aqueous solution of 
cellulose xanthate and then hydroly 2 ing the cellulose 
xanthate to cellulose by increasing the temperature of 
the suspension, ca. 90°C. Chitosan-eoated nanoparticles 
were prepared by precipitating acidic chitosan aaueo-js 
solution onto ferrite coated nanoparticles kept at" pH > 
7, i.e. P H 9.5. The polysaccharide-coated ferrite 
nanoparticles were then washed from an excess of usiood 
polysaccharides by methods such as dialysis, gel 
filtration columns, magnetic field, or by high macnetic 
field gradient (HMFG) . Hereinafter, by magnetic 
separation is meant using a permanent magnet or h-gh 
magnetic field gradient for the separation of the 
nanoparticles from the solution. 

According "to a preferred embodiment of the ^esen- 
invention, coating of the surface of the mlanetic 
nanoparticles with proteins, preferably oroteins such as 
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albumin, polylysine and a copolymer of polylysine and 
glutamic acid may be performed by mixing the metal oxide 
suspension in aqueous solution of the protein at basic 
pH, e.g. pH - 9.5, for an appropriate period of time. 
The albumin— coated magnetic nanopar tides were then 
washed from unbound albumin as previously described. 
Gelatin coated nan opart icles were prepared by mixing at 
high temperature (e.g. 60°C) the ferrite suspension in 
aqueous solution of the gelatin for an appropriate period 
of time. Than, the temperature was decreased to room 
temperature and the gelatin-coated particles were washed 
as previously described. 

For biomedical applications such as drug delivery and 
controlled release, MRI and son ©-imaging, the polymeric 
metal chelating agent and the polymers used to form tlie 
functional coating on the magnetic nanopar ticle as 
described hereinabove, are selected from materials that 
are biocompatible, non-toxic and biodegradable, e.g., 
chelating polymers such as gelatin or chitosan. Preferred 
magnetic metal oxide coating for these applications is 
magnetite. 

Activated magnetic nanoparticles for the preparation of 
bloactive conjugated particles were prepared by 
interacting the functional coated particles with specific 
activating ligands such as carbonyl di imidazole, acryioyl 
chloride, di vinyl sulfone [DVS] , ethylene 

glycolbis (sulf osuccinijrnidylsuccinate) [sulf o-EGS] and in- 
male imi dob enzoic acid N~hydroxysulf osuccinimide ester 
[sulfo-MBS] . Residual functional groups of the functional 
coating of the nanoparticles were then blocked- Bioactive 
reagents, e.g. proteins, enzymes, antibodies, drugs, 
etc., were then covalentiy bonded to said activating 
ligands attached to the functional coating of the 
magnetic nanoparticles. Residual activating groups of the 
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activating ligands were then blocked or hydrolized. The 
bioactive magnetic conjugated nanoparticles were then 
used for different biomedical applications. 

Another aspect of the present invention relates to the 
microencapsulation of active materials within the 
magnetic nanoparticles, by introducing an active 
material, such as, for example, a drug, or a fluorescent 
dye, into the aqueous solution according to step a), 
either as such or coupled to an appropriate ligand, to 
produce microencapsulted magnetic nanoparticles wherein 
the magnetic metal oxide coating provides an enclosure 
for the active material. 



In a 
n 



further preferred embodiment, the hollow macnetic 
anoparticles according to the present invention, filled 
with gas such as air, may be used in applications such as 
sono imaging as previously described for hollow 
nanoparticles prepared from albumin or Span 60 and Tween 
80 [see M.A. Wheatley and S. Singhai, Reactive polymers 
25, 157 (1995)] and ferrite coated porous silica 
nanoparticles [see M. Zhang, y. Kitamoto and M. Abe, J. 
Phys IV France 7, CI- 6 69 (1997) . 

All the above' description and example have been provided 
for the purpose of illustration, and are not intended to 
limit the invention in any way. Many modifications can be 
carried out in the process of the invention. Fox 
instance, different chelating polymers may be used, 
different ferrite compositions and different coatings may 
be prepared all without exceeding the scope of the 
invention. 
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Exanrole X 

Chelating capacity of gelatin towards iron ions 

The chelating capacity of gelatin (type A fros porcine 
skin, 300 bloom - Sigma) towards iron ions was determined 
by titration of the gelatin in aqueous solution with iron 
ions in absence and in presence of oxidising reagenzs 
such as NaNO* and NaNO s . The chelating ability was 
measured by following the pH changes during the acdiiicn 
of iron ions into the gelatin solution. The pH does not 
change significantly as long as the iron ions chelate by 
gelatin. The chelating capacity of gelatin towards iron 
ions is indicated by a sharp decrease in the pH of- the 
aqueous solution as a consequence of the presence of 
significant free iron ions in the aqueous solution. 

Example 1-A . In a typical experiment, a deaerated aqueous 
solution (10 ml shaken at 60°C) containing 0.3% (w/v) 
gelatin" was titrated with Fe (IX) ions by stepwise 
addition into the gelatin solution of 10 j±l portions of a 
reference iron solution (7 nmol FeCl 2 4K 2 0 in 5 ml 
distilled water) • Each added dcse of the iron reference 
solution contained 0.014 mrnol or Fe (II) ions and the tine 
interval between each addition was ca-3 min - 



Ex^ninie 1-B. Experiment 1-A was repeated, except that it 
also included addition of the oxidizing reagent NaX0 3 
(0.0028 mmol) prior to each addition of the iron 
solution . 

Example 1-C . Experiment 1-3 was repeated, substituting 
NaNG 3 for NaNC>2- 



m 
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Figures 2:A-C indicate that under the experimental 
conditions, the chelating capacity of 30 mg gelatin (0.3% 
±n 10 ml solution) towards iron ions is between 0 . 05 - 
0.07 nnnol iron ions. Under the experimental conditions , 
in order to form uniform magnetite nanoparticles, the 
addition of Fe(II) salts for the nucieation step should 
not significantly exceed the binding capacity c£ the 
gelatin towards the iron salts? otherwise, side reactions 
such as formation of polydispersed magnetite 
nanoparticles as well as agglutinated particles may 
occur. 

Example 2 

Preparation of magnetite nanoparticles with gelatin: 
portionwise addition versus single dose addition. 

Example 2~A : Portionwise addition 

In a typical experiment, 10 ml of deaerated aqueous 
solution containing 0.1% (w/v) gelatin was shaken at 60 C C. 
Solid samples containing FeCl 2 .4E 2 0 (0. 07 nnnol) and NaN0 2 
(0.014 nnnol) were then successively added into the 
gelatin solution (the NaN0 2 was added immediately after 
the dissolution of the iron salt) . The pH of the solution 
was then raised to 9.5 by adding NaOH solution (0. 3M) 
into the gelatin solution. The magnetite formation 
reaction was continued for ca. 5 min. Thereafter, the 
previous procedure (successive additions of FeCI 2 .4H 2 0, 
NaN0 2 and NaOH to pH 9.5) was repeated twice. 

Example 2-3 : Single dose addition. 

Example 2-A was repeated, substituting the three 
successive additions of FeCl 2 .4H 2 O r NaN0 2 and NaOH with a 
single dose addition of these reagents (0.21 rnmol 
FeCl 2 .4H 2 0, 0.04 mmol NaN0 2 and then 0-3M NaOH to reach pH- 
9.5, reaction time -15 min, as in experiment 2-A) 
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Table 1 and figures 3 and 4 summarize and show -the ma j or 
differences between experiment: s 2-K and 2-5 . 

Table 1 . A comparison between the megnetite formed via a 
single and stepwise dose additions of FeCl 2 -4K 2 0 and 
NaN0 2 into the gelatin solution. 



Conditions A 3 

[GelatinJ (% wTv) oTl — oTl 

[?eCl 2 .4H20] (mxaol) 0.21 0.21 

[NaNC>2] (mmol) 0-04 0.04 

pH 9.5 9.5 

Ho. of doses 3 1 

Size (by coulter, 92±15 477±24 6 
jam) 



Example 2 demons-crates the major differences of the 
magnetite formed by the porrior.wise and the single dose 
additions of similar concentration of the polymerization 
reagents into the gelatin solution. The magnetite 
nanoparticles formed by the portionwise additions were 
monodispersed of narrow size distribution- Xn the wet 
state, their average diameter is 92 run as indicated by 
coulter measurments (Fig. 3A) and in the dry state their 
average diameter is ca. 15 nm as indicated by SSM 
measurments (Fig. 4) . Almost 100% of the added iron salts 
were used for the magnetite coating (only an 
insignificant amount of the iron salts were found in the 
aqueous solution, apart from the particles) . The 
magnetite nanoparticles were also very well dispersed and 
did not settle even during several months. On the other 
hand, the magnetite particles formed by the single 
addition were with broad size distribution and contained 
a high percentage of agglomerated particles. Also, the 
suspension was unstable and during a relatively short 
period of time, most of the particles precipitated, and 
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even after severe sonic at: ion, the particles did no- 
suspend well and very soon they agglomerated and 
precipitated. 



Example 2 was repeated/ substituting the oxidizing 
reagent NaNOj for NaN0 3 and the 0.1% (w/v) gelatin for 
0.3% (w/v) , as shown in Table 2. 



Table 2 . A comparison between the magnetite formed via 



single and stepwise dose additions 


of FeCl 2 .4H20 and NaNCs 


into the gelatin solution. 




Conditions a 


B 


[GeletinJ (%w/v) 0.3 


0.3 


[FeCl 2 *4H 2 0] (znruol) 0.21 


C.21 


[NaN0 3 ] (mmol) -0.0-4 


0.04 


pH 9.5 


9.5 


No . of doses 3 


1 


Size (by coulter, 65±9 


16—800 nm 


ma) 


(polydispersed) 



This experiment (see Table 2 and Fig- 5) demonstrated a 
similar behavior to that described in Example 2, i.e., a 
significant superiority ox the magnetite nanoparticies 
formed by portionwise additions o£ the polymerization 
reagents into the gelarin solution/ compared to a single 
addition of similar concentration of the polymerization 
reagents. 

The magnetic nanoparti cles prepared by the portionwise 
addition were monodispersed, cf narrow size distribution 
•with an average diameter of 65 nm (smaller than those 
formed in the presence of 0.1% gelatin (92 nm, as shown 
in Table 1) . Almost 100% of the added iron salts were 
used for the magnetite coating. The magnetite 
nanoparticles were also very well dispersed, and did not 
precipitate even after several months. On the other hand, 
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the suspension of magnetite particles formed by the 
single addition was unstable and contained a high 
percentage of agglomerated particles with very broad size 
distribution. 



EyrTTrole 4 

Substitution of gelatin for polyethyleneimine . 

Example 3 was repeated, substituting the gelatin for 
polyethyleneimine with an average molecular weight of 
50,000. A similar difference to that described previously 
between the portionwise additions and the single dose 
addition was observed, except that the average diameter 
of the nanoparticles was different, e.g. 190 ± 40 run for 
the particles formed by the portionwise addition and 380 
± 300 cm for the single dose addition. 

TVrn Tuple 5 

An experiment similar to that described in example 3 was 
performed, substituting the solid samples of FeCl2.4HaO 
and NaN0 3 for liquid samples. For this experiment, 
reference aqueous solutions containing FeCl2 . 4H^O ( 2 - lg/5 
ml 0 . IN HCl) and NaN0 3 (0 . 5g/5mlH 2 0) have been prepared 
and used according to the following description: 
10 ml of deairated aqueous solution containing 0.3% (w/v) 
gelatin was shaken ai; 60°C. Samples containing FeCl 2 - 4H 2 0. 
and NaNOs were then successively added into the gelatin 
solution (the NaNOs was added 1 min after the addition of 
the iron salt) . The pH of the solution was then raised to 
9-5 by adding NaOH (1.0 N) . The reaction was performed 
portionwise (equal portions) or in a single dose, 
according to Table 3. The total reaction time for both 
the portionwise and the single dose addition was IS min. 



m 
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Table 3 . A comparison between the magnetite formed ria 
single and stepwise dose additions of FeCl 2 .4H 2 0 and NaNC 3 
aqueous solutions into the gelatin solution . 




Conditions 



[Gelatin] (% w/v) 0.3 o73 673 

[FeCl 2 -4H 2 0] (rrcnol) 0.21 0.21 0.42 

rNaN0 3 3 (znmol) 0.04 0.04 0.08 

PH 9.5 9.5 9.5 
No. of doses 3 1 i 

Average size (by 65 polydispersed polydispersed 

coulter, nm) 



A similar difference to that described in example 3 
between the portionwise additions (Table 3-A) and the 
single dose addition {Table 3-3 & C) was observed, rig. 
6, for example, is a typical SEM picture demonstrating 
the agglomerated particles formed via the single dose 
addition according to the details of Table 3-B. 

Example € 

Effect of pH 

Example 5 was repeated, substituting pH 9.5 for pH 7.C 
and for pH 11.0. Similar results were observed. 

Example 7 

Effect of temperature 



Example 5 was repeated, substituting 60°C for 50 C C and for 
90°C. Similar results were observed. 
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Fvrrmple 8 
Preparation of metal ferrites 

Experiment 5 was repealed substituting the re (II) salt 
for a mixture of Fe (II) salt and another metal ion 
selected from among Mxi(II) , Co (11), Ni(II) and Zn(II). 
The molar ratio of Fe(II)/M<Ii; was kept xo 2/1, aadwst 
metal salts of the M{II) type were of the =itrate £orau 
Coulter measurements demonstrated that the particles 
formed by the portionvise additions were of narrow size 
distribution, and in sizes ranging between ca. 50 nm to 
150 cm, depending or. the metal ion type. On the other 
hand, the ferriw particles formed by the single dose 
? addition were with broad size distribution and contained 

a significant amount of agglomerated particles. 



Example 9 

Changing the molar ratio M0 5 /Fe* 2 

Example 5-A (portionwise additions) was repeated in the 
following molar ratios NOsVFe* 2 1:20; 1:5; 1:2 and 1:1. 
The magnetite particles formed by using the molar ratio ^ 
1:1 were with a broad size distribution and contained a 
significant portion of agglomerated particles. On the 
orher hand, the magnetite nanooarticles prepared with the 
othex molar ratios had a similar diameter (ca. 65 nm) 
with a narrow size distribution, and behaved similarly to 
the magnetite nanoparticles prepared according to Example 
5-A. 

gjcaaple 10 

Preparation of fluorescent magnetic nanoparticles 

Example 5-A was repeated, substituting the gelatin 
solution for a similar solution containing 2 ng rhodaiaine 
B isothiocyanate. Excess fluorescent reagent was then 
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removed by dialysis . Fluorescent magnetic nar.cparticles 
of similar properties have been formed. Fluorescent 
nanoparticles are also prepared by binding the desired 
fluorescent moleculuies t:o the surface of the particles 
according to Example 23. 

Bxwmple 11 

Substituting NaOH for NH 4 OH and (CH 3 ) 3NOH 

Example 5 was repeated, substituting NaOE for NH^OH and 
(CK 3 ) 3 NOH. Similar results were obtained - 

TVr ample 12 

Microencapsulation of a drug, e.g. adrianycir., within 
the magnetic nanoparticles 

Example 5-A was repeated, substituting the gelatin 
solution for a similar solution containing 10 mg 
adriamycin- Excess adriamycin was then removed by a 
magnetic field or by dialysis. Magnetic nanoparticles 
containing adriamycin have been thereby formed. Xt is 
also possible to covalently bind the drug to a suitable 
polymer, e.g., polyethylene glycol -terminated with acyl 
chloride group, and then repeat the previous 
microencapsulation procedure. 

TSTraTTrnle 13 

Substituting the iron salt solution and *che oxidant 
solution fox a single solution containing both reagents 

Example 5 was repeated, substituting the iron salt 
solution and the oxidant solution with a single solution 
containing 'both reagents (while keeping their 
concentration) . Similar results were obtained. 
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Example 3-A 

Substitution of Fe* 2 and the oxidant solution with a 
single solution containing a mixture 



of Fe" z and Fe° salts 



Exainple 13 was repeated, substituing the solution 
containing the Fe~ 2 salt and the oxidant, vith a solution 
containing Fe +2 and Fe' 3 salts, their amounts beings [Fe -]- 
[NaNO,], [Fe* 2 ] = [Fe* 2 ]-[NaN0 3 3, the quantities on the right 
side being as defined in example 5. Similar results were 
obtained. 

Sacample 3.5 

Continuous addition ox the polymerizing reagents 

? Example 5 was repeated, substituting the portionwise 

O additions of the polymerizing reagents for continuous 

| addition, according to the following conditions: 100 ul 

T: of t he iron salt solution at a flow rate of 2.1 ul/min, 

3 6 |al of the oxidizing reagent solution at a flow rate of 
0.8 ul/min and 355 ul of the NaOE solution at a flow 
rate of 7.5 ul/min. The oxidizing reagent solution and 
the base • solution were added ca. 30 sec. and 60 sec . , 
respectively following the addition of the iron sal. 
solution. The total reaction tiae was approximately 50 
siin. Similar results were obtained. 

Similar results were obtained by adding the polymerizing 
reagents approximately three times faster, and thereby 
completing the coating process after approximately 16 
min. 

Nucleation and growth of magnetite nanoparticles 

In this experiment, the nucleation and growth of 
magnetite particles were performed siailarly to that 
described in example 5, according to Table 4. 



\ 
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Table 4. Nucleation and growth of magnetite 

nanoparticles - 

Conditions A B C D 

[Gelatin] ' oTz 573 573 673 

(% w/v) 

[FeCl 2 -4H 2 OJ 0.02 C.C2 0.21 1.05 

(•mmol) 

[NaNOaJ (mmol) 0.004 0.004 0*04 0,21 

pH 9.5 9.5 9.5 9.5 

No. of doses 1 I 3 15 

Average size 65 €5 65 30 

(by coulter, 
ma) 



Experiments A-C demonstrate that the nuclearior. size is 
determined by -the chelating polymer. The average size of 
the particles was 65 run in ail these trials, but the 
concentration of the particles of trial C was 
significantly higher than that of A and B. Also, in 
experiments A and B, the iron (II) concentration was not 
enough to form all the nuclei and the color of the 
suspension was yellow-brown due to some water soluble 
iron (II) -gelatin (which did not yet reach to the 
nucleation step) . In experiment C, the concentration of 
the iron (II) is higher and sufficient to complete the 
formation of most, if not all, of the nuclei. .Experiments 
C and D demonstrate the growth of the magnetite 
nanoparticles, i.e. in the wet stage from ca. 65 nm to 
ca- 90 nm (Table 4) and in the dry stage from ca 10 nm to 
ca 25 nm (Figure 7) . 
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Exasnple 17 

Preparation of hollow magnetite nanop articles 

Hollow magnetite nar.ooerticles were prepared by burning 
off the organic core of vhe magnetic panicles prepared 
similar to the description in example 5, according to 
table 5- This experiment was performed with TGA 
(thennogravimetric analyzer ox Pettier TC11 TA processor) 
equipment in inert atmosphere. In each experiment 10 mg 
of nanoparxicles were kept at 110°C for 15 min to remove 
water, then the temperature vas raised (10 e /min) to 900°C 
for ca. 30 min to burn off the gelatin core. 



Table 5. 3 timing off the organic core of the magnetite 
nanoparticles - 



Conditions 




B 


C 


D 






[Gelatin] 


0.2 


0.3 


0.3 


C.3 


0.3 




(% w/v) 














[FeCl 2 .43 2 0] 


0.21 


0-07 


0.21 


0.63 


1.0S 




(imnol) 














[NaN0 3 ] 


.0.04* 


0.014 


0.04 


0.13 


0.21 




(romol) 












\ 


pH 


9.5 


9.5 


9-5 


9 .5 


9.5 


No. of doses 


3 


3 


3 


9 


15 




% burned 
organic core 


36 


18 


10 


7 


4 





w NaN02 w as used instead of NaN0 3 



Table 5 demonstrates that the % organic core decreased 
the thickness of the magnetite coating increased. 
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Example 18 

Preparation of magnetite nanoparticles by using PVP as 
the chelating polymer 

Example 5 was repeated substituting • gelatin for 
polyvinylpyrrolidone CPV?) of average a-w. of 150,000, 
according to table 6- Siailar conclusions were observed. 
It was also found that it is possible to continue growing 
the particles of ca. 160 na up to approximately 300nn, 
and that above ca. 300 nm it is difficult to prevent 
agglomeration processes. 

Table 6. A comparison between the magnetite formed via a 
single and stepwise dose additions of FeCl 2 .4IfeO and 
NaN0 3 aqueous solutions into PVP solution. 



Conditions 


A 


3 


c 


[PVP] (% w/v) 




1 




[FeCl 2 .4H 2 0] 


0,07 


0.14 


0.14 










TNaN0 3 ] 


0. 014 


0.028 


0.028 


(inmol) 








PH 


9-0 


9.0 


9.0 


No. of dos«s 


2 




4 


Average size 


130* 


total 


160 


(by coulter, 




agglomeration 


nm) 








SUA measurements demor.stred particles 
distribution of average diameter of ca 5-6 


of narrow size 
nr.. 



Preparation of magnetite nanoparticles by using dextrar. 
of different m.w. as the chelating polymers 



Example 18 was repeated substituting PVP for dextrar. 
different m.w., according to table 7. 



of 
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Table 7. Effect of m.w. of dextraa on the ^gr.etite 

nanoparticles. . 



Conditions A 3 *~ 

De^tran m.w. 41,000 iTToOO 580 ' 000 

( g/mole) 

[Dextran] 1 1 * 

(% w/v) 

[FeCl 2 -4R 2 0] 0.07 
(inmol) 

[NaN0 3 ] 0.014 
(mmol) 

p H 9-5 9-5 9 - 5 



0.21 0-21 
0.04 0.04 



3 3 



130 



No- ox" doses 1 

Average size total total 
(by coulter, agglomeration aggioneration 

run) ' 

This experiment indicates that the concentration of the 
added polymerizing reagents for obtaining stable 
monodispersed particles is highly dependent at the m.w. 
of the chelating polymer. For example, under similar 
concentrations (experiments A & 3) the particles formed ^ 
in the presence of dextran of the lower m.w. (4 IK) were 
unstable and contained a sustantiei Fart of agglomerated 
material, while the particles formed in the presence of 
dextran of 'the higher m.v- (58 OK) were stable and 
monodispersed with relatively narrow size distribution. 

Example 20 

Magnetic measurements of the magnetite nanoparticles 

Example 5 was repeated according to table 8. Magnetic 
susceptibility values were measured with a magnetometer 
(VSM Oxford Instrument Vibrating Sample Magnetometer) . 
The magnetization curves describing the magnetic moment/ 
magnetic field of the particles prepared in these trials 
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which were recorded at 250°K indicate a superparamagnetic 
behavior due to single domain particles. 

-able 8 . Magnetic susceptibility of the magnetite 
nanoparticles . 

Conditions A a c " 

[Gelatin] 0.3 0.3 0-3 

(% w/v) 

[FeCl 2 -4H 2 0] 0.07 0.21 0.63 

(ircmol) 

[NaNOs] (inmol) 0.014 0.04 0-13 

pH 9.5 9.5 9.5 

No. of doses 3 3 9 

Magnetic 0.036 0.043 0.025 

susceptibility 

(c-g.s.) per 
gram Fe 



Lyophilization o~ the magnetic nanoparticles 

\ 

The water washed nanoparticles prepared in examples 5-A, 
8 (portionwise additions) and 17-A were lyophilized. The 
lyophilized powders could easily be dispersed into the 
original suspension by vortexing the water* (or other 
physiological solvent) wetted powders. 

Kxample 22 

Formation of znagheinite nanoparxicles 

Oxidation of the magnetite nanoparticles by heating the 
magnetite nanoparticles prepared in example 5 -A at 1C0°C 
in an aqueous solution of ferric nitrate (ca. 1%) leads 
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to maghemite particles (y re 2 0 3 ) without noticeable change 
of the size of the nanoparticles. 

rararrrple 23 

Surface modification of the magnetic nanoparticles 

Surface modification of -he magnetic nanoparticles were 
performed with reagents such as co-functional alkylsilans 
compounds , proteins and polysaccharides- For example, 
the following typical surface modification procedures are 
hereby described: 

1- Coating of the magnetic nanoparticles with <x>— 
alkylsilane compounds*, i.e. Si (OSt:) 3 (CH 2 ) 3NK2- 

X— A. in a ^yplc^X experiment , 0.1 ml of rhe amphiphile 
Si (OEt) 3 {CK2)3NH 2 was introduced into 5 ml of the ma cms tic 
nanoparticles prepared according to examples 5-A, 8, 17 
and 22 (the particles were at pH 9.5 at 60°C) . The 
suspension was then shaken for • approximately 12 h. 
Thereafter, the primary amine derivatized particles were 
washed extensively with water by a magnetic field or by 
dialysis - The washed coated magnetic nanoparticles were 
then lyophili^ed or stored in an aqueous solution ar room 
temperature or at 4°C. 

Similar procedure was performed with other e>-alJcyisilane 
compounds, e.g. Si (OEt) 3 (CH 2 ) 3X, wherein X = CH3, SH and 
epoxide. Magnetic nanoparticles coated with hydrophiiic 
co-groups, e.g. primary amine, dispersed easily in polar 
solvents (e.g. water) , but produced aggragfites in non- 
polar solvents (e.g. toluene). On the other hand, 
nanoparticles coated with hydrophobic ©-groups, e.g. CK 3 , 
dispersed easily in non-polar sovents, but produced 
aggragates in polar solvents. 




# 
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Magnetic nanoparticles containing o-aldehyde groups were 
produced by reacting the ©-primary amine derivatized 
particles prepared according to the previous description 
with 1% (w/v) glutaraldehyde at room temperature (or 
higher) for approximately 3 h. The ©-aldehyde derivatized 
particles were then washed extensively with water bv a 
magnetic field or by dialysis and stored as p revio Js iv 
described. 

l-a. In a typical experiment, 5 ml of the naonetic 
nanoparticles. described in i- A were dialvzed against 
buffer acetate, 0.1 M at pE 5.5. The suspension was then 
shaken for approximately 12 h at 6C"C with the e>- 
alxylsilane compounds, i.e. Si COEt) 3 (CK 2 ) 3 NH 2 . The washing 
of the derivatized particles and the deri vacation with 
glutaraldehyde, were performed accocing to the previous 
description (1-A) . 

1-C. in a typical experiment, 5 ml of the magnetic 
nanoparticles were diluted with 5 ml glycerol. 0.1 nC of 
the amphiphile Si (OEt) 3 (CK 2 ) 3 NK 2 was then introduced i^o 
the glycerol/water suspension. The suspension was be- 
stirred at 60-c for approximately 3 h. Thereafter, the 
temperature raised to «. 150 «C until all .he water and 
unbound amphiphile were distilled from the g-vcerol 
suspension. The washing of t fc e derivatized particles and 
the derivatization with glutaraldehyde, were performed 
accoding to the previous description (i-A) . 

2. Coating of the magnetic nanoparticles with proteins. 

Coating with BSA. In a typical experiment ,. 5 ml of ^ e 
magnetic nanoparticles prepared according to examples 5- 
A, 8, 17 and 22 (pH.9.5 at 60°C) were introduced into 5 nC 
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of 1-4% (w/v) bovine serum albumin (3SA) aqueous solution 
at 60°C (or at room temperature) . The suspension was then 
shaken for 4 h at 60°C (or at room temperature) and then 
12 h at room temperature. The BSA coated particles were 
then washed extensively with water by a magnetic field or 
dialysis. The washed coated magnetic nanoparticles were 
then lyophilized or scored in an aqueous solution at 4°C . 

Similar procedure was performed with other proteins, 
peptides and poly amines , e.g. human serum albumin, 
gelatin, casein, polylysine, copolymers of lysine and 
glutamic acid and polyethylenimine- 

3. Coating of the magnetic nanoparticles with 
polysaccharides - 

3-A- Coating of the magnetic nanoparticles with dextran. 

In a typical experiment, 5 ml of the magnetic 
nanoparticles prepared according to examples 5-A, 8, 17 
and 22 (pH 9.5 at 60°C) were introduced into 5 ml of 1% 
(w/v) dextran (MW-41K) aqueous solution at 8 0°C The \ 
suspension was then shaken for 4 h at 80°C and then 12 h 
at room temperature. The dextran coated particles were 
then washed extensively with water by a magnetic field or 
dialysis. The washed coated magnetic nanoparticles were 
then lyophilized or stored in an ecrueous solution at room 
temperature or at 4°C. 

A similar process was performed for coating the magnetic 
nanoparticles with different derivatives of 

polysaccharides such as dextran-biotin, carboxy 

methylcellulose and starch. 
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3-B. Coating of the magnetic nanoparticles vi-h 
cellulose. 

3-2-1 • ln a typical experiment, 1 ml of 1% <w/v) 
cellulose xanthate aqueous solution was introduced into 5 
ml of the magnetic nanoparticies prepared according to 
6XMples 5 ~ A ' 8 22 (the particles were at P H S.5~ and 

cooled to room temperature) . The suspension was then 
shaken for 4 h and then heated :o ca. 80»C and shaken rhen 
for another 4 h in order to hydrolyzed the xar.thate 
groups. The cellulose coated particles were -her, 
extensively washed from free cellulose with water bv a 
magnetic field. The washed coaled magnetic nanooarricles 
were then lyophilized or stored in an aqueous solution at 
room temperature or at 4°C. 

3 ~ B ~ IX - In * typical experiment, 1 ail of 1% ( W /V) 
cellulose xanthate aqueous solution was introduced into 5 
ml of the magnetic nanoparticies prepared according w 
examples 5-A, 8 and 22 (the particles were at pH 9.5 and 
cooled to room temperature). The cellulose xanthate 
coated magnetic particles were then washed at room 
temperature with aqueous solution at pE 9.5 toy a magneric 
field. The suspension was then heated to ca. S0°C £r .d 
■created as described in 3-3-t. 

3-C. Coating of the magnetic nanoparticies with chitcsan. 

In a typical experiment, i ml of 0 .1-1% (w /v) chitosan 
aqueous solution at pH 3.0 was introduced dxopwise inw 5 
ml of the magnetic nanoparticies prepared according to 
examples 5-A, 8, 17 and 22 (the particles were at oH 9.5 
and cooled to room temperature). The chitosan orefereb^y 
precipitated on the nanoparticies. The chitosan coated 
particles were then extensively washed from free chitosan 
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with water by a magnetic field. The washed coated 
magnetic nanoparticles were then lyophilized or stored in 
an aqueous solution at room temperature or at 4°C. 

4. Derivatization of the magnetic nanoparticles with 
thiol reagents. 

Example 3-A was repeated substituting dextran for 
dime rcapt ©succinic acid. 

TTTFrmrple 24 



Coupling of amino ligands (i.e. proteins and dxugs) to 
the modified magnetic nanoparticles. 

1. Coupling to the aznine-coated r.anoparricies. 

In general, the amine coated magnetic nanoparticles were 
shaken in aqueous solution at room temperature (or other 
desired temperature) under optimal pH for a few hours 
with an appropriate activating reagent, i.e. sulfo-EGS at 
pH 7-8.0, acryloyl chloride at pH 8-5 and DVS at pH 9- 
9.5. Unbound activating reagent was then removed by a few 
magnetic separation cycles with the present aqueous 
solution and then with P3S {phosphate buffered saline 
0.01M at pH 7.4), or other desired physiological 
solution- Residual amine groups sometimes were then 
blocked with acetic acid N-hydroxysuccin-lmide ester by 
repeating the previous procedure, substituting the 
activating reagent with 0.2% acetic acid M- 

hydroxysuccin-imide ester: in PBS solution [see Y. 
Dolitzky, S. Sturchak, 3. Nitzan, Ben-Ami Sela and S. 
Margel, Analytical Biochemistry 220, 257 C1994) ] . The 
activated magnetic nanoparticles wexe then bonded with 
amino ligands (i.e. proteins) by shalcing them at room 
temperature (or other* desired temperature) for few hours 
with a desired -protein and then for another few hours 
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with a blocking reagent (e.g. glycine, ethanol amine at 
pH 7 , etc) in PBS (or other physiological solution) ♦ 
Unbound protein was then removed by a few magnetic 
separation cycles in ?BS (or other physiological 
solution) . The conjugated nanoparticles were then kept in 
PBS (or water, or other physiological solution) at 4°C. 

Magnetic cationic and anionic exchange resins were formed 
similarly substituting the proteins for ligands such as 
polyethylenimine, (diethyl amino) ethyl amine and 
amino— propionic acid - 

In a typical experiment, I mg of the amine- coated 
magnetic nanoparticles of ca. 65 hid. diameter in P3S (pH 
7.5) were shaken at room temperature for 4 h w±-h C .1 mg 
of the activating reagent sulf o-EGS. Unbound activating 
reagent was then removed by magnetic separation in PBS . 
Residual amine groups were then blocked with acetic acid 
N-hydroxysuccin-imide ester by repeating the previous 
procedure, substituting the activating reagent with 0.2% 
acetic acid N-hydroxysuccin-imide ester in F3S solution 
The activated derivatized magnetic nanoparticles were 
then shaken at room temperature for 4 h with 1 mg trypsin 
in 5 ml PBS . Residual activating groups on the particles 
were then blocked by adding to tne shaken conjugated 
nanoparticles 5 mg glycine, After another 2 b, unbound 
trypsin and glycine were then removed by magnetic 
separation in PBS. The trypsin conjugated particles were 
then kept in PBS (or water, or other physiological 
solution) at 4°C. 

By using similar procedure, the following additional 
proteins were covalently bound to the different anine- 
derivatized magnetic nanoparticles: adriamycicine, goat 
anti-rabbit IgG (GccRigG) , goat anci-nouse Ig (GaHIg) , 
goat IgG, protein A, BSA and lysozyme. 
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2. Coupling to the thiol-coated nanoparticles. 

The previous procedure (1) was repeated substituting the 
activating groups (e.g. sulf o-ZGS) for other appropriate 
activating reagents (e.g. sulfo-MBS) and the pfi of the 
activation from 7-8 to 6.5-8.0. 

3 . Coupling to the aldehyde— coated nanoparticles - 

In general, the aldehyde coated magnetic nanoparticles 
were shaken at room temperature {or other desired 
temperature) for few hours with the desired protein in 
P3S (or other physiological solution) „ Unbound protein 
was then removed by a few magnetic separation cycles in 
PBS. Residual aldehyde groups were then blocked with 
amino ligands, such as 3SA, hydroxyl amine or ethanol 
amine in physiological pK. The protein conjugated 
particles were then lyophilized or kept in PBS (or water, 
or other physiological solution) at 4°C. 

Magnetic cationic and anionic exchange resins were formed 
similarly substituting the proteins for ligands such as 
polyethylenimine , (diethyl amino) ethyl amine [DEAE] and 
amino-propionic acid. For ligands containing single 
primary amine group, the Schiff base bonds were further 
reduced to single bonds with NaBILj or NaCNBH* . This 
procedure was usually performed in ethanol suspension or 
in aqueous suspension at 4°C or basic pK (between 9 - II), 
see A. Lazar, L - Silver stein , S.Margel and A. Mizrahi, 
Develop. Biol. Standard., 60, 457 (1985). 

In a typical experiment, i mg of the aldehyde— coated 
magnetic nanoparticles of ca. 65 diameter were shaken 

at room temperature for 4 h with 1 mg trypsin In 5 ml 
PBS. Unbound trypsin was then separated by 3 magnetic 
separation cycles in PBS. Residual aldehyde groups on the 
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particles were then blocked by shaking the conj-cated 
nanoparticles at room tenperacure for 4 h with BSA fl%) 
in PBS. Unbound BSA was then removed by 3 magnetic 
separation cycles in PBS. The trypsin conjugated 

particles were then kept in PBS (or water, or other 
physiological solution) at 4°C. 

By using similar procedure, the following additional 
proteins were covalently bound to the different aldehyde- 
derivatized magnetic nanoparticles; goat anti-rabbit 2gG 
(GccRIgG) , goat anti-mouse Ig (G^cMIg) , goat IgG, protein 
A, BSA and lysozyme. 

4. Coupling to the hydroxyl -coated nanoparticles. 

10 mg of the lyophilized dextran-coared nanoparticles (65 
run) were dispersed in 10 ml acetone. 1 mg carbonyl 
diimidazol were then added to the dispersed particles. 
The suspension was then shaken at room temperature for 30 
min. The activated particles were then washed from 
unbound activating reagent by a magnetic field. The dried 
activated particles were then introduced at room 
temperature into 5 ml PBS containg 1 mg trypsin. The 
suspension was shaken for approximately 12 h and zhen 
rasidual activating reagent was blocked by hydrolysis at 
pH 8.5 (0.1 M bicarbonate solution) at room temperarure 
for 4 h. 



Earn mole 25 

Biological applications of the protein-conjugated 
magnetic nanoparticles, 

1- Biocatalysis: proteolytic activity towards gela^j 
gel. 
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Gelatin suspension (5% w/V) in P3S was heated at 60°C for 
20 min- The formed clear gelatin solution was poured into 
plastic dishes {5 mm diameter, 1 ml/dish) and then 
allowed to gel at room temperature . The weight of the gel 
in each dish was then accurately determined. 

1 ml PBS suspension containing 20 mg trypsir.-coa j uga-ed 
magnetite nanoparticles of apprcximaxely €5 cm diameter 
were applied on the gel surface- In order to demonstrate 
the stability of the gelatin gels towards the 
experimental conditions, 1 ml of PBS containing 20 mg 
ethanol amine -conjugated nanoparticles (control) were 
also added onto a similar gel surface and incubated 
during the experiment period of time . 

Samples were incubated for ca. 48 h at 25°C- Following 
incubation, the gelatin gel created with the trypsin— 
conjugated particles were solubiiized completely. This 
effect is probably due to the enzymatic degradation of 
the gelatin by the immobilized trypsin [see S. Margei and 
X- Burdygin, Israel Patent Appi . C:25497 , (1996)]- On the 
other hand, the gelatin gel incubated with -he control 
nanoparticles remained the same. The trypsin— conjuga~ed \ 
particles were then removed from the solubiiized gelatin 
solution and washed with P3S by a magnetic field* This 
procedure was then reapplied onother two times on new 
gelatin gels. Similar results were obtained 

2. Controlled release. 

Gelatin suspension (5% w/v) containing 5% drug such as 
adriamycin in PBS was heated at 60°C for 20 min. The 
formed clear gelatin solution was poured into plastic 
dishes (5 mm diameter, 1 nil /dish) and then allowed to gel 
at room temperature. The weight of the gel in each dish 
was then accurately determined. Trypsin conjugated 
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magnetic nanoparticles were applied on the gelatin gel as 
described in example 24-1. During Che dissolution of the 
gelatin adriamycin was controlled release . 



3. Protein purification. 



1 ml PBS suspension containing 10 mg goat igG-conjugated 
magnetic nanoparticles of approximately 65 nn diamecer 
were introduced into 5 nil of rabbi- antisera. After 
approximately 10 min of shaking at rocs: temperature f the 
particles were washed 3 uimes with PBS with a magner . 
Absorbed antibodies (rabbit anti goat IgG) were then 
eluted from the particles with 0,2 M glyclne-KCl buffer 
solution at pH 2.4, neutralized with NaOH and dialysed 
against PBS, The high puriry of the eluted antibodies was 
then demonstrated by poly a cry! amide gel electrophoresis . 
The magnetic conjugated nanopanicles, after treatment 
with glycine-HCl buffer, were washed with PBS by a 
magnetic fields and then stored at 4°C in the presence of 
sodium azide (0.05%) until reused. 

4. Diagnostics: Determination of a x -anti trypsin in human 
serum 

The activity of the trypsin conjugated microspheres 
prepared as described in example 25-1 was checked with 
the substrate *-N-benzoyl-DL-arginir.e p-nitroanilide 
(3APNA) . The conjugated trypsin in reaction with 3APNA in 
Tris buffer (pH-8) liberated p-nitroaniline of which its 
absorbance value at 400 run was measured. 

The determination of ^-antitrypsin in human serum was 
based on the inhibitory effect of antitrypsin of serum on 
the hydrolysis of BAPNA by the conjugated trypsin in Tris 
buffer. The reaction is shopped, by adding acetic acid. 



and the absorb* nee is then read at 4 CO Tim. At "his 
wavelength the liberated p-nitroaniiine has a noiar 
absorptivity of 10,500. Briefly, before the assay, each 
examined serum was diluted 10CO fold with Tris buffer. 2 
ml of the diluted serum were then incubated at 37°C for 30 
min with 1 ml suspension containing 10 rag trypsir.- 
conjugated nanoparticles in Tris buffer- 5 ml of 3APKA 
solution (prepared by dissolving 100 mg 3APNA in 2.3 ml 
dimethyl sulfoxide, and then diluted 1 ml of this stock 
solution with 100 ml Tris buffer at pH 8.C) at 37°C was 
then added for 30 min to the serum- trypsin-conjugated 
nanoparticles suspension. The reaction was stopped by 
adding 1 ml glacial acetic acid. The degree of 
interaction between the conjugated trypsin and 3APNA was 
then determined by the absorbance value at 4 00 nm. 
Control experiments were carried put wirh 4% human serum 
albumin (KSA) by using the same procedure. The precise 
amount or c^-antitrypsin was determined by comparison -o 
a standard curve obtained from a known amount of a 1 - 
antitrypsin. The results obtained by this method were in 
a good agreement with the results obtained by the radial 
immunodiffusion method [see J- Travis and D- John sen r 
Methods Enzymol. 80, 754 (ISei) ] , the common clinical 
method applied for determination of ow-antitrypsin in 
human serum. 

5. (A) Cell labeling: Specific cell labeling of human red 
blood cells . 

Fresh human red blood cells (HR3C) were shaken for 5 0 min 
at 4 9 C with rabbit anti-HR3C (10 s KRBC with 0.8 ug rabbit 
anti-HKBC) antibodies- The sensitized cells were 
separated and washed 4 times by centrif ugation with P3S. 
The washed sensitized cells were then shaken at 4°C for 1 
h with GacRIgG magnetic conjugated nanoparticles (5 mg , 
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65 run) ) prepared as described in example 24. The labeled 
cells were then washed with ?3S from excess nanoparricles 
by a magnetic field. Control experiments carried out 
similarly, substituting the sensitized rabbit anti-HK3C 
with non-sensitized HR3C. Examination with SHM 
demonstrated the specific labeling of the RBC by the Gac 
RXgG conjugated nanoparticles. The control cells, on the 
other hand, were not labeled at all, 

CB) Specific labeling of mouse splenocytes bearing 
surface immunoglobulins (3 cells) . 

GccMXg conjugated fluorescent nanop articles (5 mg, 65 mn} 
prepared as described in example 24 were shaker, a- 4°C 
for 1 h with purified mouse splenocytes (10°) - The 
labeled cells were then washed from excess nanopar tides 
with PBS by a magnetic field. Control experiments carried 
out similarly, substituting the mouse splenocytes with 
mouse thymocytes. Examination with fluorescent microscope 
demonstrated the specific labeling of the mouse 
splenocytes with the GccMlg conjugated nanoparticles - The 
control cells,, on the other hand, were ' not labeled at 
all. 

6. Cell separation: Separation of turkey RBC from human 
RBC. 



as 



A mixture containing 10^ human R3C and 10 6 turkey RBC Es- 
treated with magnetic nanoparticles by using the labeling 
procedure described in 5-*. A magnet was then fitted on 
the outside wall of a vial containing 5 ml PBS suspension 
of the mixture of cells*. Cells that were not attracted to 
the wall were then isolated. The attracted cells were 
resuspended in PBS and the magnetic separation repeated 
twice. Examination in light microscopy demonstrated 
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separation efficiency of 99%-I00% of rhe human RBC fron 
the turkey RBC. 

7. Chelation of heavy metal ions. 

15 mg of the magnetic nan opart icles (65 nm) coated with 
chit os an or polyethyleneirzlne prepared as described in 
example 23 were shaken at room remperature for 1 h with 
100 ml aqueous solutions containing 15 mg cdcl 2 or CuCl 2 . 
The particles were then removed from the a<rueous solution 
by a magnetic field. Atomic absorption measurements on 
the remained aqueous solution demonstrated the removal of 
90-100% of the metal ions from the water. 
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CIA IMS. 



1) A method for preparing nenoparticies coated wit* 
magnetic metal oxide, comprising the following steps: 

a) Contacting ar. aqueous solution containing a solute 
polymeric metal chelating agent with one or more soluble 
metal 8e lts providing zetal ions, wherein at least one of 
said metal ions is capable of forming an oxide which is 
magnetic, said metal ions being ir. amounts which do not 
exceed substantially the binding capacity of said 
chelating agent; 

bj Causing said metal ions to be present in the oxicaticr 
states required for the formation of the oxide which is 
magnetic; 

c) Maintaining the pH of the solution a- the ranee of at 
least 7; . " 

d) introducing into the solution additional amounts of 
said metal salts; 

e) causing sald additional metal ions to be oresent i^ 
the oxidation states required for the formation of tb- 
oxide which is magnetic; 

f) -Maintaining the pE of the solution at the range of at 

least 7; 

g) Successively repeating the operations of steo dj to r> 
as many times as required to obtain monodispe~sed 
nanoparticles coated with magnetic metal oxide. 

2) A method according to c lai ^ a , wh « sela polvme^c 
-etal chelating agents have functional groups capable I- 
^xndxng me tal ions selected from among ^no, hydroxy 
carboxylate, -SE, ether , ?hosphate ^ .^dl 

groups • " 
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3) A method according to claim 1, wherein the polymeric 
metal chelating agent is selected from among the group 
consisting of gelatin, polymethy 1 enimine , dextran, 
chitosan, poiylysine and polyvinylpyrrolidone - 

4} A method according to claim 3, wherein the 
concentration of the polymeric metal chelating agent in 
the aqueous solution varies between 0.01 and 10 w/v. 

5) A method according to claim A, wherein the 
concentration of the polymeric metal chelating agent in 
the aqueous solution varies between 0.1 to 1 w/v. 

6) A method according to claim !, wherein the metal oxide 
which is magnetic is magnetite or f errite . 

7) A method according to claim 1 , wherein the aqueous 
solution is contacted with ferrous salts providing Fe* 2 
ions, and Fe* 3 ions are caused to be present in the 
solution by oxidizing a portion of said Fe* 2 ions. 

8) A method according to claim 1, wherein the aqueous 
solution is contacted with a mixture of ferrous and 
ferric salts causing Fe* 2 and Fe* 3 ions to be present ±n 
the solution . 

9) A method according to claim 7, wherein the oxidation 
of a portion of Fe* 2 ions is carried out by introducing an 
oxidizer into the solution. 

10) a method according to claim 9, wherein the portion of 
Fe* 2 which is oxidized is such that the molar ratio 
between Fe* 2 to Fe* 3 obtained thereby is not higher than 
the molar ratio between Fe* 2 to Fe* 3 in the composition of 
the magnetic metal oxide. 
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11) A method according to claim 6 and 10, wherein the 
magnetic metal oxide is magnetite and the portion of Fe^ 
which is oxidized is not higher than 2/3, whereby the 
resulting molar ratio between Fe* 2 to Fe« is not higher 
than 1:2. 



12) A^ method according to claiia 11, wherein the portion 
of Fe* 2 which is oxidized is not higher than 1/2. 



13) A method according to claim 9, wherein the oxidizer 
is selected from among oxygen, H 2 0 2 , nitrite or nitrate 
salts. 

14) A method according to claim 13, wherein the oxidizer 
is no 2 " or NQ3". 

15) A method according to claim 12, wherein the molar 
ratio (NOT or NO3 - ) /Fe* 2 is not higher rhan 1/2. 

16) A method according ,0 claim 6, wherein the maanet<c 
metal oxide is ferrite, further comprising adding in 
steps a) and d) transition metal salts. 

17) A method according to claim 1, wherein the p H is 
maintained in the range of at least 7 by the addition of 
a base. 

18) A method according to claim 1, wherein the pH i s 

maintained at a constant value in the range between 8 .0 
10. 

19) A method according to claim 1, wherein steos d) to f) 
-re carried out io a portionwise mode of operation 
hereinbefore defined. 
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20) A method according to claim l r wherein steps d) to f) 
are carried out in a continuous mode of operation as 
hexeinbef ore defined. 



21) A method according to claim 1, wherein the size of 
the nanoparticles is less than O.lfim 



22) A method according to claim 1, wherein the 
temperature is between 50°C to 90°C. 



23) A method according to claim 1, further comprising the 
removal of the inner polymeric metal chelating agent 
material to produce magnetic nanoparticles which are 
hollow, by burning off said polymeric material in inert 
atmosphere - 

24) A method according to claims 1, further comprising 
contacting nanoparticles coated with magnetite with 
aqueous solution of ferric nitrate under elevated 
temperature to produce maghemite nanoparticles • 

25) A method according to of claim 1, 23 or 24, further 
comprising attaching to the magnetic surface of the 
magnetic nanoparticles molecules containing functional 
groups to produce desired functional coating on the 
particles. 



26) A method according to claim 25 wherein the molecules 
containing functional groups comprises polymers chosen 
from among polysaccharides, proteins, peptides, 
polyamines and m-silane Si (OR) 3 (CH 2 ) a X, wherein R is an 
alkyl substituent and X is a functional group selected 
from among NH 2 , CH 3 , CN, and SH. 



4860/98 



27) A 



method according to claim 25, further comprising 
binding polyaldehyde ligands to the aiaine groups of the 
functional coating. 

28) A method according to claims 26 and 27, ^urthe- 
comprising attaching activating ligands to the functional 
groups capable of binding bioactive agents. 

29) A method according to claim 28 wherein the activating 
lagands are selected from among the group consisting of 
acryloyl chloride, divinyl sulfone, dicarbonyl 
3janu.dazole, 

ethylene 

glycolnis (sulf osuccinimidylsuccinate) and j*- 

maleijnidobenzoic acid N-hydroxysuif osuccinimide ester. 

30) A method according to claim 29, further comprising 
coupling bioactive agents to the activating ligands". 

31) A method according to claim 30 wherein the bioactive 
agents are compounds selected from among oroteins, 
enzymes, antibodies and drugs. 

32) A method according to claim l for the 
microencapsulation of active materials within the 
magnetic nanoparticles, characterized in that an active 
material is introduced into the aqueous solution 
according to step a) . 

33, a method according to clai^ 32, wherein the active 
material is a drug or fluorescent dye. 

34, A nanoparticle the size of which is i ess than 0 _ 3pm , 
consisting of a polymer which is metal chelating agent 
coated with a magnetic metal o*ide 
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35) A nanoparticle according to claim 34 „ wherein its 
size is less than 0.1pm. 

36) A hollow nanoparticle consisting of a magnetic metal 
oxide shell the size of which is less than 0.3pm. 

37) a hollow nanoparticle according to claim 36, wherein 
its size is less than 0.1pm. 

38) A magnetic nanoparticle according to any of claims 34 
to 37 r further comprising a coating of a functional 
polymer on the magnetic coating. 

39) A magnetic nanoparticle according to claim 38 wherein 
the functional polymeric coating comprises polymers such 
as polysaccharides, proteins, peptides, polyamines and a>- 
silane compounds . 

40) A magnetic najioparticle according to claim 39, bonded 
with activating ligands. 

41) A magnetic nanoparticle according to claim 40 wherein 
the activating ligands are provided by compounds selected 
from among acryloyl chloride,, di vinyl sulfone, dicarbonyi 
immidazole, ethylene glycolbis (sulf osuccinimidyl succinate) 
and m-maleimidobenzoic acid N-hydroxysulf osuccinimide ester 

42) A magnetic nanoparticle according xo claim 41 coupled 
to bioactive agents. 

43) A magnetic nanoparticle according to claim 42 wherein 
the bioactive agent is a compound selected from among the 
group consisting of proteins, enzymes, antibodies and 
drugs . 
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44) Microencapsule comprising a magnetic nanoparticle 
according to any one of claims 34 or 35, wherein an 
active material is enclosed within the .magnetic metal 
oxide coating - 

45) Use of the magnetic nanoparticle according to any of 
claims 34 to 43 for biological or medical applications. 

4 6) Use of a magnetic nanoparticle according to claim 
44, wherein said biological and medical applications are 
selected from among cell labeling, cell separation, 
controlled release, diagnostics, enzyme immobilization, 
protein purification, drug delivery, control agents for 
s on o- imaging and MRI applications and chelation of heavy 
metal ions . 




